The mechanisms by which histones are disassembled and reassembled into nucleosomes and chromatin structure during DNA replication, repair and transcription are poorly understood. A better understanding of the processes involved is, however, crucial if we are to understand whether and how histone variants and post-translationally modified histones are inherited in an epigenetic manner. To this end we have studied the interaction of the histone H3-H4 complex with the human retinoblastomaassociated protein RbAp48 and their exchange with a second histone chaperone, anti-silencing function protein 1 (ASF1). Exchange of histones H3-H4 between these two histone chaperones has a central role in the assembly of new nucleosomes, and we show here that the H3-H4 complex has an unexpected structural plasticity, which is important for this exchange. npg
In all eukaryotes DNA is wrapped around an octamer of histone proteins to form nucleosomes, which fold to form higher-order chromatin structures. The nucleosome comprises two copies each of histones H3 and H4, which form a heterotetramer and bind DNA in the first step of nucleosome assembly. This (H3-H4) 2 -DNA complex (the tetrasome) subsequently binds two histone H2A-H2B heterodimers to form the nucleosome core particle (refs. 1, 2) . There are distinct variants of histones H2A, H2B and H3, and all histones can also be post-translationally modified in multiple ways. The assembly of nucleosomes with variant and post-translationally modified histones at particular genomic locations is thought to constitute a 'histone code' that can be inherited in an epigenetic manner during DNA replication to establish and maintain transcriptional programs and cell identity 3 .
When DNA is replicated, nucleosomes need to be disassembled in front of the replication fork, and the histones must then be transferred to the newly duplicated strands for reassembly. Early biochemical studies showed that, during DNA replication, the 'old' parental nucleosomes segregate randomly onto the leading and lagging strands behind the replication fork, with the gaps being filled by the deposition of 'new' nucleosomes. Work from several groups using different approaches has shown that H3-H4 complexes involving the replication-dependent histone H3 variant (H3.1) are segregated as tetramers: that is, a mixture of 'old' and 'new' histone H3-H4 dimers is not used to generate new nucleosomes during DNA replication 4, 5 . This view has recently been reaffirmed by MS studies showing that H3.1-H4 nucleosomes contain either 'old' or 'new' H3-H4 tetramers, but not a mixture 6 . Unexpectedly, however, studies of the in vivo composition of histone H3 complexes 7 , as well as structural studies of the ASF1-H3-H4 complex 8, 9 , have shown that histone H3-H4 complexes are handled as dimers (for a review, see ref. 10) . To understand how histones H3-H4 are disassembled and reassembled, we have studied their interactions with the retinoblastoma-associated proteins RbAp46 and RbAp48, histone chaperones that are key players in the assembly of nucleosomes.
RbAp46 and RbAp48 are highly homologous (90% identical) members of the WD40-repeat β-propeller structure proteins. RbAp46 is an essential subunit of the HAT1 histone-acetyltransferase complex, which acetylates newly synthesized histone H4 on Lys5 and Lys12 before nucleosome assembly 11, 12 . In contrast, RbAp48 is a subunit of the chromatin-assembly factor-1 (CAF-1) complex, which assembles histones H3 and H4 onto newly replicated DNA to initiate nucleosome assembly 13, 14 . In addition to having an essential role in replication-dependent nucleosome assembly, both RbAp46 and RbAp48 are also found in numerous other protein complexes involved in the regulation of chromatin structure. These include the Drosophila melanogaster nucleosome remodeling complex (NURF) 15, 16 , the nucleosome remodeling and deacetylase complex (NuRD) 17, 18 and the Polycomb repressive complex 2 (PRC2) 19 . Both NuRD and PRC2 have key roles in maintaining the silent state of master regulatory genes during embryonic development and stem cell renewal 20, 21 , and studies of an Arabidopsis thaliana homolog, AtMSI1, suggest that RbAp48 is also important in epigenetic inheritance during cell division 22 .
In all of these different protein complexes, RbAp46 and RbAp48 seem to act as chaperone proteins that bind to histone H3-H4 complexes, a r t i c l e s although we note that RbAp48 and p55 (the Drosophila homolog of RbAp46 or RbAp48) also bind to Friend of GATA 1 (FOG-1) 23 and one of the subunits from the Drosophila PRC2 complex (Suz12) 24 , respectively. Previous studies have shown how RbAp46 and p55 interact with the N-terminal helix in the core histone fold of H4 (refs. 25,26) . More recently, p55 has also been shown to interact with the N-terminal tail of histone H3 (refs. 24,27) . However, despite their central role, little is known about how RbAp46, RbAp48 or p55 functions in chromatin-associated processes. It is not even clear whether they interact with the intact histone H3-H4 complex or just with the isolated histone H3 or H4 proteins.
Here we show that RbAp48 does indeed bind the histone H3-H4 complex. We also show that there are major structural rearrangements in the core fold of the histone H3-H4 complex when it binds RbAp48. Notably, these results suggest that RbAp48 binding leads to conformational changes in the H3-H3 interface such that it binds to only H3-H4 dimers, rather than (H3-H4) 2 tetramers. Our studies suggest an unexpected degree of structural plasticity in the core histone H3-H4 structure, and we show that an allosteric mechanism facilitates the exchange of H3-H4 between the RbAp48 and ASF1 histone chaperones. The finding that RbAp48 binds histone H3-H4 heterodimers, but not histone (H3-H4) 2 heterotetramers, has implications for understanding the role(s) of these proteins and of histones H3-H4 in epigenetic inheritance.
RESULTS

Stoichiometry of RbAp48 interaction with H3-H4
Previously, we showed that both H3 and H4 interact with RbAp46 using gel filtration and cross-linking experiments 26 . However, these experiments did not exclude the possibility that RbAp46 interacts with only one of these histones at a time.
To investigate this further, we performed gel-filtration experiments using RbAp48 and globular forms of H3 (gH3) and H4 (gH4), which lack these histones' flexible N-terminal tails (the first 26 residues and 19 residues of H3 and H4, respectively). (We studied the RbAp48-gH3-gH4 complex because it gave nanoelectrospray ionization (nano-ESI) mass spectra that were better resolved under nondissociating conditions, and the N-terminal tails of H3 and H4 are not required for CAF-1-mediated nucleosome assembly 28, 29 .) The N terminus of unmodified H4 does not interact with RbAp46 or RbAp48 (refs. 12,26,27) , but newly synthesized H4 is diacetylated at Lys5 and Lys12 by RbAp46-HAT1 before binding ASF1. Therefore, we also confirmed that an N-terminal Lys5-Lys12 diacetylated H4 peptide did not bind either RbAp48 or ASF1 (Supplementary Fig. 1 ). Size-exclusion chromatography experiments showed that the RbAp48-gH3-gH4 complex migrates only marginally faster through a gel-filtration column than does the tetrameric (gH3-gH4) 2 complex alone ( Fig. 1a) . This is consistent with disruption of the (gH3-gH4) 2 tetramer (44.3 kDa) upon binding RbAp48, giving a 1:1 (RbAp48:gH3-gH4) complex (70 kDa), which is substantially smaller than would be expected for RbAp48 binding a (gH3-gH4) 2 tetramer (92 kDa). A similar result is observed for ASF1, where the 1:1 human ASF1 1-159 -gH3-gH4 complex (40 kDa) migrates through a gel-filtration column more slowly than does the tetrameric (gH3-gH4) 2 complex alone (44.3 kDa, Supplementary Fig. 2 ). This suggested that, as with ASF1, RbAp48 might bind to gH3-gH4 heterodimers, as opposed to (gH3-gH4) 2 heterotetramers, forming a 1:1 RbAp48:H3-H4 complex.
To verify whether RbAp48 binds H3-H4 heterodimers, we recorded nano-ESI mass spectra of the RbAp48-gH3-gH4 complex under nondissociating conditions (Fig. 1b) . Expansion of the m/z 3,500-5,500 region of the spectrum shows charge-state series consistent with the masses of RbAp48-gH3-gH4, RbAp48-gH3 and RbAp48-gH4 ( Fig. 1b) . Notably, no peaks consistent with the interaction of RbAp48 with a (gH3-gH4) 2 tetramer were present-even when we tuned the mass spectrometer to favor the observation of larger complexes. This suggests that RbAp48 exists in a 1:1 complex with gH3-gH4, where both H3 and H4 can dissociate to yield either RbAp48-gH3 or RbAp48-gH4 subcomplexes (Fig. 1b) .
In a tandem MS (MS/MS) experiment in which a single charge state of the RbAp48-gH3-gH4 complex was fragmented by collision-induced dissociation with inert gas molecules, the gH4 protein dissociated from the complex more readily than gH3 (Fig. 1c) . This suggests either that H3 associates more tightly with RbAp48, or that H4 is more exposed than H3 on the surface of the complex. Fragmentation of the RbAp48-gH3-gH4 complex always yielded some RbAp48-gH3 complex, showing that the H3 globular domain interacts directly with RbAp48. This rules out the possibility that H3 interacts with RbAp48 solely through the H3 N-terminal tail (because this experiment was carried out with tail-less gH3) or through interactions with H4.
We carried out similar experiments using intact H3 and H4 and, again, found no evidence for an interaction of RbAp48 with an H3-H4 tetramer (Supplementary Fig. 3 ). However, these studies did show that the intact H3-H4 complex interacts more stably with RbAp48 than does the gH3-gH4 complex, consistent with reports that the H3 N-terminal tail binds the Drosophila RbAp48 homolog p55 (refs. 24, 27) .
RbAp48 binds histone H3-H4 dimers
Our results suggested that RbAp48 interacts with H3-H4 dimers but not with (H3-H4) 2 tetramers. We next performed pulsed electronelectron double-resonance (PELDOR) experiments to study the structure of H3-H4 when bound to RbAp48. PELDOR experiments allow the measurement of distances in the range of 20-80 Å or longer between two spin-labeled cysteine residues. These labels were incorporated into full-length unmodified H3-H4 by site-directed mutagenesis at positions where side chains are solvent exposed and are not required for structural integrity 30 .
First we studied an H3-H4 complex in which H3 had been labeled with an MTSL ((1-oxyl-2,2,5,5-tetramethylpyrroline-3-methyl)methanethiosulfonate) spin label at a cysteine introduced at Gln125 ( Fig. 2a) . As shown previously, PELDOR experiments with the (H3-H4) 2 tetramer clearly showed a peak at just less than 30 Å, consistent with the distance expected between the two H3 Gln125 residues 31 . When RbAp48 was added, however, we saw little interaction between the two spin labels. Once again, this suggests that RbAp48 disrupts formation of the (H3-H4) 2 heterotetramer when it binds H3-H4 heterodimers-when bound to RbAp48, the spin-labeled cysteines of each H3 molecule are no longer close enough in space to generate a PELDOR signal ( Fig. 2a) . Additionally, the normalized intensity (NI) of the data for the Gln125-labeled H3-H4 tetramer (black trace, Fig. 2a ) showed an oscillation depth of approximately 0.65, which suggests the interaction of two spins 32 . By contrast, upon addition of RbAp48, the oscillation depth increased to ~0.85, indicating that there are few interacting spin labels (blue trace, Fig. 2a ). Consequently, and consistently with the gel-filtration and nondenaturing MS results, both the distance distributions and the oscillation depth of the PELDOR data suggest that RbAp48 binds H3-H4 dimers.
These results were further supported by a second experiment investigating the interaction of RbAp48 with intact H3-H4 labeled at Gln125 in H3 and Thr71 in H4 (black trace, Fig. 2b ). In the absence of RbAp48, the oscillation depth was 0.45 (consistent with more than two interacting spins), and we observed a broad multiple-distance npg a r t i c l e s distribution as expected for the three spin-label distances in (H3-H4) 2 tetramers. When we added RbAp48, the oscillation depth increased to 0.6, which is consistent with a decrease in the number of interacting spins (blue trace, Fig. 2b ) and an RbAp48 interaction with H3-H4 dimers. This experiment further suggested that the structure of H3 at the H3-H3 dimerization interface (that is, around Gln125) is disrupted and becomes more dynamic when RbAp48 binds because the transformed data suggest a number of different distances (Fig. 2b) .
Taken together, these results suggest that RbAp48 forms a 1:1 complex with H3-H4-that is, that RbAp48 binds an H3-H4 heterodimer. The PELDOR data further suggest that RbAp48 binding destabilizes the structure of the H3-H3 interface in the (H3-H4) 2 Figure 2 RbAp48 binds to histone H3-H4 dimers. (a) Left, background-corrected PELDOR data for the H3Q125C spin-labeled (H3-H4) 2 complex alone (black) and following the addition of two equivalents of RbAp48 (blue). Right, Tikhonov-derived distance distributions show a clear peak at ~30 Å for the H3Q125-labeled H3-H4 tetramer, but none for the RbAp48-H3-H4 complex. (b) Left, background-corrected PELDOR data for the H3-H4 complex. Both H3Q125C and H4T71C were spin-labeled before (black) and after (blue) the addition of two equivalents of RbAp48. Right, Tikhonov-derived distance distributions show peaks at ~20 Å, 37 Å and 56 Å for the H3-H4 tetramer and several overlapping peaks for the RbAp48 complex. In both a and b, the most appropriate time-trace simulation (obtained using Tikhonov regularization) is shown in red. A C110A mutation in H3 was used such that only the unique cysteine at Gln125 was labeled with MTSL. npg a r t i c l e s
H3-H4 show large structural rearrangements on binding RbAp48
The nondenaturing MS analysis showed conclusively that RbAp48 can simultaneously interact with both H3 and H4 in the RbAp48-H3-H4 complex. We confirmed that RbAp48 binds H4 in a manner similar to that of RbAp46 and p55 (Supplementary Fig. 4) ; next, we attempted to investigate the mode of interaction of the H3-H4 complex with RbAp48. Thus far it has not been possible to crystallize the RbAp46 or RbAp48 complexes, nor to obtain good-quality NMR spectra; however, the structures of RbAp46 and p55 in complex with an H4 peptide indicate that unfolding of helix 1 of the H4 core histone fold is necessary for interaction with RbAp46 or RbAp48 (refs. 25, 26) . This suggests a model whereby H3-H4 exists in two different conformations: in one, H4 helix 1 is bound to the H3-H4 globular domains, resulting in an H3-H4 conformation that cannot bind RbAp46 or RbAp48; in the other, H4 helix 1 is unfolded, permitting binding to RbAp46 and RbAp48 (Fig. 3a) .
We carried out PELDOR experiments to test whether such a structural rearrangement can be observed during formation of the RbAp48-H3-H4 complex. We labeled H4 at residue 25 and H3 at residue 65, and we made use of a C110E mutant of H3 to reduce any residual propensity for H3-H4 tetramerization 33 . We observed a broad distance distribution at ~29 Å (black trace) for the doubly labeled H3-H4 heterodimer, which shifted to ~53 Å (blue trace) when H3-H4 was bound to RbAp48 (Fig. 3b) . This result was confirmed when we obtained a similar result (a peak shift from ~23 Å to ~61 Å; Fig. 3c ) when H3 was instead labeled at residue 90. These measured H3-H4 distances are consistent with a model in which H4 helix 1 is disengaged from the core histone fold in the RbAp48-H3-H4 complex (Fig. 3a) . The presence of multiple peaks in the electron paramagnetic resonance (EPR) data for both the H3-H4 and the RbAp48-H3-H4 complexes suggests that there is some conformational heterogeneity in both complexes, perhaps resulting from flexibility of the spin label attached to residue 25 in H4 (which is unstructured in the RbAp46-H4 complex 25, 26 ).
RbAp48 and ASF1 can simultaneously interact with H3-H4
Previous structural studies have shown that ASF1 interacts with the C-terminal regions of H3 and H4 (refs. 8, 9) , whereas RbAp46 and p55 interact with H4 helix 1 (refs. 25, 26) . This suggests that RbAp46 or RbAp48 and ASF1 might be able to bind simultaneously to opposite sides of the H3-H4 dimer. To test this, we performed further gelfiltration and nondenaturing ESI MS experiments. We mixed a refolded gH3-gH4 complex with RbAp48 in a 1:1 ratio together with an excess of ASF1 1-159 (18.1 kDa) and analyzed the complexes by gel filtration. We observed formation of a RbAp48-gH3-gH4-ASF1 1-159 quaternary complex (88 kDa), which elutes earlier from the column than either RbAp48-gH3-gH4 or ASF1 1-159 -gH3-gH4 (retention volumes of 1.47 ml compared with 1.50 ml and 1.59 ml, respectively; compare Figure 4a with Figure 1a and Supplementary Figure 2) . We confirmed formation of this complex was by gel filtration of intact H3-H4 mixed with ASF1 1-159 in a 1:1 molar ratio together with an excess of RbAp48 (Supplementary Fig. 5a ). Under the same conditions, RbAp48 and ASF1 did not by themselves interact (Supplementary Fig. 5b) , confirming that formation of the RbAp48-H3-H4-ASF1 complex is mediated by the histones 34 .
We further confirmed formation of the RbAp48-H3-H4-ASF1 complex using nondenaturing ESI MS (Fig. 4b) . We identified species from RbAp48-H3-H4-ASF1, RbAp48 and ASF1, but not from RbAp48 or ASF1 with histones, suggesting that interactions of H3-H4 with each chaperone are destabilized in the presence of the other. (This may in turn lead to a loss of H3-H4 from solution under the lower salt conditions used for mass spectrometry.)
Allosteric exchange of H3-H4 between ASF1 and RbAp48
During nucleosome assembly, ASF1 is thought to pass H3-H4 to RbAp48 (when part of CAF-1) for subsequent deposition onto DNA (reviewed in ref. 35) . Our nondenaturing MS studies suggested that interactions of H3-H4 with each chaperone are destabilized in the presence of the other, and the EPR experiments further suggested that the H3-H3 dimerization interface-the region that binds ASF1-is destabilized in RbAp48-H3-H4. This suggests that binding of RbAp48 to H3-H4 should destabilize the interaction with ASF1, thereby facilitating the exchange of H3-H4 between the two chaperones. To test this hypothesis directly, we carried out fluorescence polarization experiments to compare the affinity of ASF1 for the H3-H4 and RbAp48-H3-H4 complexes.
First we measured the affinities of both ASF1 and RbAp48 for H3-H4, where H3 had been labeled with the Cy3 fluorophore either at Gln125 (for measurement of the affinity of ASF1 binding) or at Leu65 (for measurement of the affinity of RbAp48 binding). We labeled H3 The model was generated using PyMOL 42 . Helix 1 from H4 may unfold to interact with the binding pocket of RbAp46 and RbAp48, as observed in the RbAp46-H4 crystal structure. (b) Left, background-corrected PELDOR data for an H3-H4 complex. H3L65C and H4N25C were spin-labeled before and after the addition of an equimolar amount of RbAp48, shown in black and blue, respectively. Right, distance distribution peaks are observed for the H3-H4 dimer (~30 Å) and for the RbAp48 complex (~55 Å). (c) Left, background-corrected PELDOR data for an H3-H4 complex. H3M90C and H4N25C were spin-labeled before and after the addition of an equimolar amount of RbAp48 (black and blue, respectively). Right, the distance distribution shows a predominant peak for the H3-H4 dimer (~23 Å) and a major peak (~61 Å) for the RbAp48 complex. In b and c, the most appropriate time-trace simulation (obtained using Tikhonov regularization) is shown in red. A C110E mutation in H3 was used to reduce H3-H4 tetramerization and create an obligate H3-H4 dimer 33 . a r t i c l e s at different positions to determine the affinities using fluorescenceintensity experiments (data not shown). ASF1 and RbAp48 bound H3-H4 with similar affinities-the apparent K d values were 0.27 ± 0.11 nM and 0.61 ± 0.49 nM, respectively (Fig. 5a,b) . At the concentrations of H3-H4 used in these experiments (20 nM for the ASF1 and 6 nM for the RbAp48 titrations, respectively), H3-H4 is present as a dimer 36 , simplifying the analysis.
We then repeated the ASF1 experiment, this time after adding RbAp48 to H3-H4 labeled with Cy3 at Gln125 at a concentration ten-fold higher than its K d for binding to H3-H4. This experiment showed that the affinity of ASF1 for the RbAp48-H3-H4 complex was substantially lower than that for H3-H4 alone, with an apparent K d of 7.1 ± 3.6 nM. To improve the statistics, we performed the fit using a Monte Carlo algorithm that corrected for a slight drift. This gave a lower apparent K d of 3.0 nM (error analysis was not possible using this approach), but both fitting procedures clearly indicate that the affinity of ASF1 for RbAp48-H3-H4 is an order of magnitude weaker than that for H3-H4 alone (Fig. 5c) .
The apparent K d for binding of ASF1 to H3-H4 presented here (0.27 ± 0.11 nM) is lower than that reported for the binding of intact yeast Asf1 to H3-H4 (2.5 nM) 36 . This discrepancy could reflect the species difference or the different solution conditions or fluorescence RbAp48 ASF1 ASF1 H3 H4 H3 H4 Figure 5 Comparison of the affinities of ASF1 for the histone H3-H4 and RbAp48-H3-H4 complexes. (a,b) The measured fluorescence anisotropy (r obs ) is plotted against increasing concentrations of either ASF1 or RbAp48 to demonstrate binding to H3-H4. H3 was labeled with the Cy3 fluorophore at either Gln125 or Leu65. (c) Plot of r obs against increasing concentrations of ASF1 for binding to the RbAp48-H3-H4 complex, labeled with Cy3 at Gln125 on H3. In a and b, a ligand-depletion binding isotherm was fitted to the data using the Levenberg-Marquardt algorithm. In c, the data were fitted either with a ligand-depletion binding isotherm using the Levenberg-Marquardt algorithm (dashed line) or with an anisotropy ligand-depletion binding isotherm (with drift) using a Monte Carlo algorithm (solid line). (Note that in b, the concentration of Cy3-labeled H3-H4 was lower than that in a and c, giving the curves a different appearance.) All experiments were carried out in triplicate; data points are the mean of three independent experiments, and error bars represent ±1 s.d. A C110A mutation in H3 was used such that only the unique cysteine was labeled with the fluorophore. npg a r t i c l e s method used. We repeated the whole experiment using separately purified proteins and measured apparent K d values of 0.3 nM and 6.8 nM, respectively, for binding of ASF1 to H3-H4 and RbAp48-H3-H4, demonstrating the reproducibility of our apparent K d values (data not shown). We also checked the apparent K d for the binding of RbAp48 to H3-H4 using a different, fluorescence resonance energy transfer (FRET)-based approach and obtained a similar affinity (4.7 nM, data not shown). The fact that we can determine similar apparent K d values using different fluorescence-based approaches gives us confidence in these findings.
Our results show that binding of RbAp48 to the histone H3-H4 complex destabilizes the interaction of ASF1 with H3-H4. This reduction in affinity of ASF1 for H3-H4, when complexed with RbAp48, suggests that RbAp48 modifies the H3-H4 structure, reducing its affinity for ASF1 by an allosteric mechanism. This would facilitate transfer of H3-H4 from ASF1 to RbAp48 in CAF-1-mediated nucleosome assembly. In other words, when ASF1-H3-H4 binds to RbAp48, this weakens the interaction of H3-H4 with ASF1, allowing ASF1 to be released.
DISCUSSION
Recent purification of histone H3 complexes formed during the assembly and processing of histone H3-H4 has identified a number of distinct complexes on which H3-H4 are assembled. During the course of assembly, 'new' H4 is acetylated on Lys5 and Lys12 through interactions with RbAp46-HAT1 before being transferred to ASF1 (refs. 35, 37) . Following nuclear import, the replication-dependent H3-H4 complex (H3.1-H4) is transferred from ASF1 to CAF-1 (ref. 7) , which consists of RbAp48 in a complex with p60 and p150 (refs. 13,14) , for subsequent deposition onto DNA (reviewed in ref. 35 ). Previous studies have shown that ASF1 interacts directly with the p60 subunit of CAF-1 (ref. 38) to deliver the H3-H4 complex to RbAp48 in CAF-1. Thus, RbAp46 and RbAp48 interact with the H3-H4 complex and ASF1 at two key stages of the pathway for deposition of newly synthesized H3-H4 during replication-dependent nucleosome assembly. (We note that these complexes also involve other chaperones, which for simplicity are not discussed here; see ref. 37.) Using gel-filtration and nondenaturing MS, we have shown that RbAp48 makes direct contacts with both histones H3 and H4 in the H3-H4 complex. The results from our EPR experiments suggest an unexpected plasticity in the H3-H4 complex, with a structural rearrangement that is consistent with helix 1 in H4 becoming disengaged from the core H3-H4 fold in order to bind to RbAp48. Moreover, gel-filtration, nondenaturing MS and EPR experiments all showed that RbAp48 interacts with H3-H4 dimers, but not with histone (H3-H4) 2 tetramers, and the EPR data suggest that this is because the H3-H3 interface is destabilized. These results suggest an allosteric model for the exchange of histones H3-H4 between the two chaperone proteins, whereby RbAp48 binding to H3-H4 weakens its interactions with ASF1. We obtained direct evidence for this model by comparing the binding affinities of ASF1 to either the H3-H4 or the RbAp48-H3-H4 complexes using fluorescence-polarization experiments. Because histones bind so tightly to these chaperones, it seems likely that the structural plasticity of H3-H4, and the allosteric mechanism that releases ASF1 when ASF1-H3-H4 binds to RbAp48, are functionally important for the transfer of these histones between the different complexes involved in chromatin assembly. In the future, it will also be interesting to carry out similar experiments with RbAp46, which instead transfers H3-H4 to ASF1.
A picture is emerging of dimeric histone H3-H4 complexes being exchanged between a series of chaperone complexes before their deposition onto nascent DNA. However, H3-H4 tetramers need to be formed at some point. Our results suggest that newly synthesized H3-H4 complexes are handled as dimers at all points up until tetramer assembly on CAF-1. Alternatively, assembly of new nucleosomes during DNA replication might occur through sequential CAF-1mediated deposition of two H3-H4 dimers onto DNA, a possibility that needs to be tested in future experiments. The finding that RbAp46 and RbAp48 bind to histone H3-H4 dimers, but not to histone H3-H4 tetramers, may have wider implications: RbAp46, RbAp48 and their homologs function in numerous complexes involved in chromatin assembly, remodeling and modification; therefore, in many other chromatin-related processes, histones H3 and H4 might be handled as dimers. More generally, it seems plausible that the presence of RbAp46 or RbAp48 in a diverse range of chromatin-related complexes may reflect a requirement for reconfiguring the H3-H4 fold in processes that include the post-translational modification of histones and the repositioning of nucleosomes.
Our findings also have several potentially important implications for the epigenetic inheritance of post-translationally modified versions of H3-H4. It is thought that during DNA replication nucleosomes are completely disassembled at the replication fork, and that ASF1, which can bind to only a dimer of H3-H4, is involved in the disassembly process through its association with the MCM2-7 helicase 39 . However, as discussed, all the evidence suggests that parental (H3-H4) 2 is segregated as a tetramer during DNA replication (reviewed in ref. 10) . For H3-H4 to segregate to the leading and lagging DNA strands as tetramers, parental histones need to be transferred from in front of the replication fork and redeposited in a process that excludes the incorporation of newly synthesized H3-H4 dimers. This could perhaps be facilitated by the localization of both ASF1 and CAF-1 to the replication fork, through their interactions with the MCM2-7 helicase 39 and PCNA 40 , respectively, such that when ASF1-H3-H4 dissociates the histones have a greater tendency to bind to a CAF-1 complex that is in close spatial proximity. However, the assembly of 'new' nucleosomes might be somehow separated from the segregation of 'old' nucleosomes from in front to behind the replication fork. For example, the latter process could involve histone chaperones that are known to bind H3-H4 as tetramers (see, for example, ref. 41), or it might involve some form of temporal separation.
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